INTRODUCTION
============

Respiratory tract infection is an important common cause of hospitalization across all age groups \[[@B1], [@B2]\]. Infectious respiratory diseases in humans may be caused by several pathogens, including viruses and bacteria that produce very similar clinical symptoms and make diagnosis difficult \[[@B3], [@B4]\]. For this reason, an effective diagnostic assay for these pathogens in individual samples is urgently needed \[[@B5]\]. Furthermore, the 2003 severe acute respiratory syndrome (SARS) outbreaks and, more recently, the human and avian H5N1/H1N1 influenza virus cases underscore the importance of a rapid and accurate laboratory diagnostic method to characterize respiratory infections \[[@B6]\].

Clinical virology laboratories have used methods such as direct fluorescent-antibody assay (DFA) and virus culture to diagnose viral respiratory tract infections and identify respiratory viruses (RVs). These detection methods generally offer a rapid processing time but are labor intensive and require specific monoclonal antibodies. These methods are also limited by the availability of monoclonal antibodies for recently discovered viruses \[[@B7]\]. Moreover, these conventional and routine diagnostic assays have been shown to be inferior in sensitivity and specificity to nucleic acid-based assays including the PCR, which can be designed to screen for a wide range of pathogens \[[@B8], [@B9]\]. As a result, numerous recent studies have focused on the development and evaluation of multiplex PCR, reverse transcription (RT) PCR, or real-time PCR to diagnose both characterized and emerging RV infections with improved sensitivity \[[@B10]-[@B14]\].

Mono-specific PCR assays amplify each target in separate reactions and are, therefore, expensive and resource intensive. Multiplex PCR for clinical diagnosis uses a combination of several different primer pairs in the same amplification reaction simultaneously, depending on the targets present in the clinical sample \[[@B15]\]. Thus, multiplex PCR has been used increasingly for the diagnosis of infectious diseases, including the presence of one or more RV infections in respiratory tract specimens \[[@B16], [@B17]\]. Real-time PCR, with specific tracking of the product by fluorescent probes, improves assay specificity and significantly reduces hands-on time. In addition, real-time PCR offers the ability to perform multiplex amplification and detection. In some real-time PCR platforms, several different amplification products may be monitored in a single tube \[[@B18]\].

The one-step AdvanSure multiplex real-time PCR assay can simultaneously detect up to 14 different RVs. Specific targeted pathogen for this assay are 12 types of RNA viruses, i.e.,- several human coronaviruses (HCoV-229E, HCoV-NL63, HCoV-OC43), parainfluenza viruses 1, 2, 3 (PIV-1, PIV-2, PIV-3), influenza virus groups A and B (FluA and FluB), human respiratory syncytial viruses A and B (hRSV-A, hRSV-B), human rhinovirus (hRVs), human metapneumovirus (hMPV), and 2 types of DNA viruses - human adenoviruses (ADVs) and human bocavirus (HBoV), all in one step. In this study, we evaluated the analytical performance and clinical applicability of a recently developed one-step multiplex real-time PCR assay, the AdvanSure RV real-time PCR Kit (LG Life Sciences, Seoul, Korea), and compared the results to those of a conventional multiplex RT-PCR assay (Seeplex RV12 Detection Kit, Seegene, Seoul, Korea).

METHODS
=======

1. Materials
------------

Between November 2008 and February 2010, 320 specimens were collected consecutively from patient samples submitted to the Dankook University Hospital for routine RV screening. The specimens, 310 nasopharyngeal aspirates (NPAs), 5 nasal swabs (NS), and 5 throat swabs (TS), were stored at -70℃ before nucleic acid extraction and multiplex PCR assays. All 320 specimens were analyzed by using the one-step multiplex real-time Advan Sure RV real-time PCR Kit (LG Life Science) and a conventional multiplex RT-PCR assay (Seeplex RV12 Detection Kit, Seegene) simultaneously.

2. One-step multiplex real-time PCR assay
-----------------------------------------

The DNA was extracted from the clinical samples using the QIA-cube platform (Qiagen, Hilden, Germany). Extracted nucleic acids were then amplified and probed for RVs with the AdvanSure RV real-time PCR Kit according to the manufacturer\'s instructions. Briefly, 5 µL of extracted DNA was added in an AdvanSure RV real-time PCR reaction tube containing 5 µL of primer probe mixture and 10 µL of one-step RT-PCR premix. For the reverse transcription step, this mixture was incubated at 50℃ for 10 min. Denaturation followed at 95℃ for 30 sec, then 10 cycles of PCR (15 sec at 95℃, 30 sec at 53℃, and 30 sec at 60℃), and 30 additional cycles of PCR for the detection of fluorescence signals (15 sec at 95℃, 30 sec at 53℃, 30 sec at 60℃). As an internal control, the human RNase P (*rnp*) gene was quantified in all assayed samples.

3. Measurement of analytical sensitivity of the one-step AdvanSure multiplex real-time PCR assay
------------------------------------------------------------------------------------------------

To determine the analytical sensitivity of the AdvanSure RV multiplex real-time PCR assay for each of the RVs, we measured the limit of detection (LOD) using 11 standard viruses as follows: HCoV-229E (KBPV-VR-9), HCoV-OC43 (KBPV-VR-8), PIV-1 (KBPV-VR-44), PIV-2 (KBPV-VR-45), PIV-3 (KBPV-VR-46), FluA (KBPV-VR-33), FluB (KBPV-VR-34), hRSV-A (KBPV-VR-41), hRVs (KBPV-VR-39), and ADVs (KBPV-VR-1) were purchased from the Korea Bank for Pathogenic Viruses (College of Medicine, Korea University, Seoul, Korea) and hRSV-B (ATCC-VR-1580) was purchased from ATCC. The sensitivity of the AdvanSure RV real-time PCR assay was determined for each of the viruses using 5-fold serial dilutions of virus suspensions in Microtest M4RT multi-microbe media (Remel, Lenexa, KS, USA) and referred to the concentration that was determined by the respective supplier ([Table 1](#T1){ref-type="table"}).

The sensitivity was quantified in terms of plaque-forming units (PFUs) per milliliter (PFU/mL). The PFU/mL result represents the number of infective virus particles within the sample on the basis of the assumption that each plaque formed is representative of 1 infective virus particle. The statistical analysis was conducted using the Minitab 16 statistical software (Minitab, State College, PA, USA). The LOD (95%) value of acquired data was compared to the previously reported LOD (95%) values of Food and Drug Administration (FDA)-approved commercial RV test kits as follows: Proflu plus (Gen-Probe Inc., San Diego, CA, USA) \[[@B19]\], Simplex Flu A/B & RSV (Focus Diagnostics, Cypress, CA, USA) \[[@B20]\], Verigene RV Nucleic Acid Test (Nanosphere, Northbrook, IL, USA) \[[@B21]\] and xTAG RVP FAST (Luminex, Austin, TX, USA) \[[@B22]\].

4. Analysis of detection specificity of the AdvanSure multiplex real-time PCR assay
-----------------------------------------------------------------------------------

The cross-reactivity of the AdvanSure RV real-time PCR Kit was assessed using 23 types of non-RVs. Human T-lymphotropic virus (HTLV)-I and/or II-positive human plasma (DR1191), cytomegalovirus (CMV) IgG-positive human plasma (DV1030), Epstein-Barr virus (EBV) IgG-positive human plasma (DV1053), Herpes simplex virus (HSV) I and/or II-IgG positive human plasma (DV1081), Varicella zoster virus (VZV)-positive human plasma (DV1210) and HIV I and/or II-positive human plasma (DR1093) were supplied by Trina Bioreactives AG (Pembroke Pines, FL, USA). The CMV reference strain (KPBV-7) was obtained from the Korea Bank for Pathogenic Viruses. HCV-positive plasma (PHV205-16) was purchased from BBI Diagnostics (West Bridgewater, MA, USA). *Enterobacter cloacae* (CCARM-0298), *Klebsiella pneumoniae* (CCARM-10258), *Pseudomonas aeruginosa* (CCARM-0024), *Staphylococcus aureus* (CCARM-3A160), and *Streptococcus pneumoniae* (CCARM-4001) were obtained from Culture Collection of Antimicrobial Resistant Microbes (Seoul, Korea). *Mycobacterium tuberculosis* (*M. tuberculosis*) (00000-00021), *M. avium* (00136-41001), *M. intracellulare* (00000-00010), *M. abscessus* (00136-61010), *M. ulcerans* (00000-00029), *M. scroflaceum* (00000-00016), *M. chelonae* (00136-62001), *M. kansasii* (00136-20001), *M. gordonae* (00000-00008), and *M. terrae* (00000-00019) were purchased from Korea Mycobacterium Resource Center (Seoul, Korea). The RNA or DNA of supplied samples was extracted and assayed with the AdvanSure RV real-time PCR Kit adhering to the same procedures used for sample processing.

5. Comparison of the AdvanSure RV multiplex real-time PCR and conventional multiplex RT-PCR assay
-------------------------------------------------------------------------------------------------

For the comparison of the sensitivity of the one-step AdvanSure RV real-time PCR and conventional multiplex RT-PCR assays, all 320 specimens which were used in the one-step multiplex real-time AdvanSure RV real-time PCR assay were tested by conventional multiplex RT-PCR assay using the Seeplex RV12 Detection Kit (Seegene) simultaneously.

Viral RNA was extracted from clinical samples with the QIAamp MinElute Virus Spin Kit (Qiagen) and used to synthesize cDNAs using the Revert Aid First Strand cDNA Synthesis Kit (Fermentas, Glen Burnie, MD, USA). Reverse transcriptions were performed for 90 min at 37℃ in a final reaction volume of 20 µL that consisted of 0.2 µg/µL random hexamer, 50 ng total RNA, 10 mM dNTP, 200 µg/µL reverse transcriptase, 20 µg/µL RNase inhibitor, and RT buffer. PCR amplification was performed using the Seeplex RV12 Detection Kit, according to the manufacturer\'s instructions, with a PTC200 PCR system (MJ Research, St. Bruno, Quebec, Canada). Briefly, PCR reactions were cycled in the following sequence 40 times: 94℃ for 30 sec, 60℃ for 90 sec, and 72℃ for 90 sec. The final cycle was followed by an extension step at 72℃ for 10 min to allow completion of any partial polymerization. The amplified PCR products were separated on a 2% agarose gel and stained with ethidium bromide. The type of RV was identified through comparison with reference band sizes provided by the manufacturer. As an internal control, plasmids containing amplicons of 719 bp were included during viral RNA/DNA extraction. The multiplex RT-PCR targeted genes for 11 types of RVs were as follows: HCoV-229E/NL63, HCoV-OC43, PIV-1, PIV-2, PIV-3, FluA, FluB, hRSV-A, hRSV-B, hRVs and ADVs.

6. Verification of discrepancy in analytical results by nested real-time PCR and gene sequencing
------------------------------------------------------------------------------------------------

Six samples that showed a discrepancy between the one-step AdvanSure assay and the conventional RT-PCR assay were further verified using nested real-time RT-PCR and sequencing using the primer sets included in the AdvanSure RV real-time PCR kit. The validation RT-PCR was performed using 10 µL of RT-PCR mix (Roche, Mannheim, Germany), 5 µL of outer primer set, and 5 µL of extracted sample DNA or RNA. After a reverse transcription step at 50℃ for 10 min and a denaturation step at 95℃ for 30 sec, 30 cycles of 3-step PCR (15 sec at 95℃, 30 sec at 53℃, and 30 sec at 60℃) were performed. The nested PCR was performed using 10 µL of HS Taq premix (Genetbio, Nonsan, Korea), 5 µL of inner primer and probe set, and 5 µL of 10-fold and 100-fold diluents of RT-PCR products. After denaturation for 10 min at 95℃, 30 cycles of 3-step PCR were performed (15 sec at 95℃, 30 sec at 53℃, and 30 sec at 60℃). During the nested PCR, the fluorescent signals were detected as part of real-time signal monitoring. For verification of the 6 samples with discrepancies, gene sequencing was performed by Geno-Tech (Daejeon, Korea). The PCR products, purified using the QIAquick PCR purification kit (Qiagen) were used as template DNA for bidirectional sequencing. The PCR for sequencing was performed using BigDye Terminator Cycle Sequencing and analyzed with an ABI 3100 Prism Automated DNA sequencer (Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer\'s instructions.

RESULTS
=======

1. Analytical sensitivity of the one-step AdvanSure RV multiplex real-time PCR for RVs
--------------------------------------------------------------------------------------

The LODs (95%) of the one-step AdvanSure RV real-time PCR assay were determined for each of the following 11 viral targets from standard virus samples arranged in a dilution series from a high titer stock ([Table 1](#T1){ref-type="table"}). The acquired 95% LODs (PFU/mL) for the 11 standard virus were 4.93 for HCoV-229E/NL63, 2.67 for HCoV-OC43, 18.20 for PIV-1, 24.57 for PIV-2, 1.73 for PIV-3, 1.79 for FluA, 59.51 for FluB, 5.46 for hRSV-A, 17.23 for hRSV-B, 9.99 for ADVs and 1.31 for hRVs ([Table 2](#T2){ref-type="table"}). As shown in [Table 2](#T2){ref-type="table"}, detection of hRVs was the most sensitive among the 11 targeted standard viruses and the LODs of FluB, PIV-1, PIV-2, and hRSV-B showed decreased sensitivity compared to the LODs of the other viruses.

The assay sensitivity was also compared with that of several previously reported US FDA-approved commercial RV test kits ([Table 3](#T3){ref-type="table"}). The LOD assay results showed that our AdvanSure real-time PCR assay has similar or higher sensitivity than commercially available RV assays in the viruses tested, except for FluB and hRSV-B. FluB and hRSV-B exhibited higher LOD values in our assay, compared to other compared commercial RV test kits.

2. Evaluation of the detection specificity in the one-step AdvanSure RV multiplex real-time PCR assay
-----------------------------------------------------------------------------------------------------

To evaluate the cross-reactivity and detection specificity, 23 different non-RV reference strains were tested using the same assay procedure used for the clinical samples for RV detection with the AdvanSure RV real-time PCR detection Kit. All assay results were negative and no non-specific positive reaction was observed ([Table 4](#T4){ref-type="table"}).

3. Comparison of the one-step AdvanSure RV multiplex real-time PCR assay with the conventional multiplex RT-PCR assay
---------------------------------------------------------------------------------------------------------------------

The AdvanSure RV multiplex real-time PCR assay and conventional multiplex RT-PCR assay were performed on 320 clinical samples simultaneously. Among the 320 samples, 143 positive samples were detected by the AdvanSure RV multiplex real-time PCR assay and 141 positive samples detected by the conventional multiplex RT-PCR. Most of the viruses detected by conventional methods were detected by the AdvanSure multiplex assay. Though both assays showed an outstanding ability to detect RVs, 4 samples that were identified as positive samples by the AdvanSure assay, including 2 FluA-positive, 1 HCoV-NL63-positive, and 1 hRVs-positive, were identified as negative samples by the conventional RT-PCR assays. On the other hand, 2 clinical samples that were negative in the AdvanSure multiplex real-time PCR assay were identified as positive by the conventional multiplex RT-PCR assay ([Table 5](#T5){ref-type="table"}).

For further analysis of the 6 samples that yielded discrepant results with the AdvanSure assay and the conventional multiplex RT-PCR assay, uniplex nested real-time RT-PCR and gene sequencing were performed. The results of the nested real-time RT-PCR assay and gene sequencing revealed that all samples that were identified as positive from either of the assays were indeed accurate positive results, irrespective of their classification as negative by either assay ([Table 5](#T5){ref-type="table"}).

DISCUSSION
==========

A variety of clinical diagnostic assays utilizing different methods and targets for RV assessment have been reported, but cell culture is still considered the \"gold standard\". However, this method has drawn criticism for difficulties such as maintaining cell cultures, instability of cultured cells, and a long turnaround cycle, from 1 to as many as 14 days \[[@B23]-[@B26]\]. The prolonged turnaround time of this diagnostic method for confirming RVs in clinical samples is an obstacle to rapid initiation of antiviral therapy, isolation of infected patients, and/or cessation of the unnecessary use of antibiotics \[[@B27]\]. The rapid diagnosis of viral infections has depended mainly on viral antigen detection; however, the sensitivities of these assays vary (50-90%), depending on the assay method and the virus of interest \[[@B28]\]. For these reasons, rapid, easy-to-perform, sensitive, specific, and cost-effective diagnostic techniques are increasingly needed in the clinical microbiology laboratory.

Multiplex real-time RT-PCR is a recognized technique offering a faster and effective technology for the rapid detection of viruses than the conventional diagnostic methods of virus culture, antigen tests, or direct immunofluorescence \[[@B29]\]. In addition, multiplex RT-PCR assays that are able to target several types of respiratory pathogens have been reported previously \[[@B30], [@B31]\]. In this study, we evaluated the performance of the one-step AdvanSure multiplex real-time PCR assay for common respiratory viral pathogens, which include HCoV-229E/NL63, HCoV-OC43, PIV-1, PIV-2, PIV-3, FluA, FluB, hRSV-A, hRSV-B, ADVs, and hRVs and compared it to that of a conventional multiplex RT-PCR assay. The one-step AdvanSure assay provides a faster turnaround time because it avoids additional nested amplification or hybridization steps needed for identification of viral products. Moreover, the AdvanSure assay minimizes the possibility of contamination as it eliminates the need for additional post-PCR processing of the samples and the 11 viral targets could be detected simultaneously.

The analytical sensitivity of the AdvanSure assay demonstrated its clinical potential, in particular for diagnosis of HCoV-229E, HCoV-NL63, PIV-3, FluA, hRSV-A, ADVs, and hRVs (1-10 PFU/mL). These LOD levels for RVs are similar to values previously reported by other investigators \[[@B30], [@B32]\]. The LOD levels for each of the viral targets have also been reported for FDA-approved RV assay kits \[[@B19]-[@B22]\]. Although the AdvanSure assay had higher LOD values for FluB and hRVs than those of the FDA-approved RV assay kits, it had lower LOD values for ADVs. For other viral targets, the LODs from the AdvanSure assay proved to be comparable to those associated with the FDA-approved RV assay kits. In general, the multiplex RT-PCR assay for the detection of RVs supports the proper primer against the RVs and their mutations and the sensitivity of the RT-PCR assays depend on the degree of sequence identity/similarity between the primers and the genomes of the tested viruses \[[@B33], [@B34]\]. In this study, the higher LODs obtained for FluB and hRVs determinations likely reflect unsuitable or sub-optimal primer sequences for these viruses in the AdvanSure assay kit against the tested standard viruses.

Our evaluation of specificity or cross-reactivity in the AdvanSure assay against 23 reference strains indicated that none of the samples gave a false positive reaction. These outstanding results obtained from our trial of the AdvanSure assay clearly demonstrate its clinical potential compared with the specificities recently reported for alternative detection methods \[[@B33]-[@B36]\].

To determine the clinical performance of the one-step AdvanSure multiplex real-time PCR assay for the RVs, we compared the results of the AdvanSure assay to those of a conventional multiplex RT-PCR assay by using 320 collected clinical samples. The sensitivity of the conventional multiplex RT-PCR was 44.06% (141/320), while the sensitivity of the AdvanSure assay was 44.68% (143/320). The main advantage of the AdvanSure assay is the ability to identify 2 additional RVs not detected by the conventional RT-PCR assay, including hMPVs and HBoV. Although, the 2 kinds of multiplex RT-PCR assays showed equivalent positive rates overall, 6 samples that had different results with the 2 assays were identified. Two samples that were positive for FluA, 1 for HCoV-NL63, and 1 for hRVs by the AdvanSure assay were identified as negative by the conventional RT-PCR assay. Two samples that were positive for PIV-2 by the conventional multiplex RT-PCR assay were identified as negative by the AdvanSure assay. For resolving the discrepancies between the 2 assays for these 6 samples, nested real-time PCR and gene sequencing were performed to confirm that the results were indeed true positive and not false-positive. The results of nested RT-PCR and gene sequencing indicated that the samples classified as positive by either assay were indeed positive, and that both assays had, therefore, yielded false-negative results for these samples. This discrepancy may result from the limitations of multiplex PCR assays. One of the major limitations is the assay principle of multiplex PCRs, which could produce false results if a primer region has nucleotide variations and is unable to detect new types or strains of a virus. This is the reason that direct antigen tests or virus cultures cannot be completely replaced by multiplex PCR assays \[[@B33]\]. Another limitation is the false positive result as a consequence of exposure to amplified PCR products during a conventional 2-step RT-PCR \[[@B28]\]. Although the conventional multiplex RT-PCR kit used in this study featured a dual priming oligonucleotide system, it still yielded higher false-positive results than the one-step AdvanSure assay, and these findings agree with those of a previous publication \[[@B37]\].

In conclusion, the AdvanSure RV real-time PCR assay demonstrated excellent overall sensitivity and specificity. Furthermore, the results of this assay may be obtained within 4 h, requiring minimal technician time. It offers clinical laboratories a valuable option for detection of RVs potentially improving clinical management with earlier diagnosis and treatment.
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Abbreviation: PFU, plaque-forming unit.
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^\*^95% confidence interval (CI) in normal distribution.

Abbreviations: LOD, limit of detection; PFU, plaque-forming unit.
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Abbreviations: LOD, limit of detection; PFU, plaque-forming unit.
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-, negative finding.
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Analysis for 6 samples with discrepant results in the one-step AdvanSure multiplex real-time PCR assay and the conventional multiplex RT-PCR assay (Seeplex)
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-, negative; +, positive.
